We have studied the reaction path of the formation of 3,5-diacetyl-1,4-dihydrolutidine (DL1), 3,5-dibenzoyl-1,4-dihydro-2,6-dimethylpyridine, and 2,6-dibenzoyl-1,4-dihydro-3,5-dimethylpyridine with the ab initio molecular orbital method at HF/3-21G and HF/6-31G(d,p) levels. For DL1, we also calculated at MP2/6-31G(d,p) level. The barrier heights of H2O elimination elementary reactions are ca. 50-60 kcal/mol and quite high in the gas phase, however, this is well agreed with the experimental results that the reaction proceeds in aqueous solutions.
more and more important in these years, because the formaldehyde could be a reason of the sick building syndrome, i.e., sensory irritation of the eyes, nose, throat atopic dermatitis, as well as the carcinogenicity and mutagenicity The formaldehyde are contained in the building material, wallpaper, paint, domestic houseware, etc. [1] [2] [3] [4] [5] .
The World Health Organization has set a standard for safe exposure of 0.08 ppm averaged over 30 minutes [6] .
The measurement of the formaldehyde is based on the acetyl acetone method (Nash Reagent) in the aqueous solution as shown in Fig.1 [7] . The method utilizes the reaction of two acetyl acetone molecules, ammonium ion, and formaldehyde molecule yielding the lutidine derivative. Note that there is a certain substituent effect of the reactants.
The lutidine derivative from pentane-2,4-dione (R1,R2=CH3) and the 1-phenyl-1,3-butanedione (R1=CH3, R2=Ph) are easily obtained, however, the lutidine derivative from 1,3-diphenyl-1,3-propanedione (R1=Ph, R2=Ph) is not able to obtain within this scheme.
It is important to point out that the acetyl acetone method needs to absorb the formaldehyde in aqueous solution, and measures the formaldehyde only in the aqueous solution. For the detection of the formaldehyde in the gas phase, it is necessary to absorb the gas containing the formaldehyde in the water to make an aqueous solution.
Heating is necessary because the reaction is slow. Note that in order to avoid the heating and the substituent effect, the synthesis of the reaction intermediate compound,
FLUORAL-P (4-amino-3-penten-2-one) is necessary [10] . Suzuki et al. recently reported the synthesis of KD-XA01 and KD-XA02, which are the compounds analogous to FLUORAL-P from 1,3-diphenyl-1,3-propanedione and 1,3-diphenyl-1,3-propanedione [11] . Starting from FLUORAL-P, KD-XA01, and KD-XA-02, we can also obtain the lutidine derivatives without heating.
Finally, the lutidine derivative is identified by the color of solution (407nm, 414nm, and 424nm for the lutidine derivatives from pentane-2,4-dione, 1-phenyl-1,3-butanedione, and 1,3-diphenyl-1,3-propanedione, respectively). These procedures are not easy to apply on the detection of the formaldehyde in the gas phase, as mentioned above. The methods nowadays are all based on the Nash reagent, and finding the new method to measure the concentration of the formaldehyde in gas phase is significantly important. Very recently, Maruo and co-workers [8] found that β diketones (pentane-2,4-dione, 1-phenyl-1,3-butanedione, or 1,3-diphenyl-1,3-propanedione) and ammonium salts in porous glass can be used for a measurement of formaldehyde in the gas phase. These products have absorption peaks around 410 nm, which is used for the detection of formaldehyde by the acetyl acetone method in aqueous solution.
There are several interesting features of the lutidine derivative in porous glass. In aqueous solution, the absorbance of the lutidine derivatives (DL1 and DL2) decreases after certain standing time, however, in porous glass, absorbance of DL2 does not decrease. 1,3-diphenyl-1,3-propanedione does not react in the aqueous solution but does in the porous glass to yield DL3 and the absorption intensity decreases when increasing the amount of HCHO. Reasons for these features of lutidine compounds are still remained mystery.
In our previous work, the ground and excited states of DL1 are calculated with the ab initio molecular orbital method at HF/3-21G, CIS/3-21G, B3LYP/6-31G(d, p), and TD B3LYP/6-31G(d, p) levels. We tried to explain the difference of the environment (in aqueous solution or in porous glass), however, the substituent effects was remained mystery.
In this article, as a first step of figuring out the substituent effects, we perform ab initio molecular orbital calculations to obtain the reaction path from pentane-2,4-dione to DL1. We also perform the reaction path calculations from 1-phenyl-1,3-butanedione (R1=CH3, R2=Ph) to DL2. We examined the calculations from 1-phenyl-1,3-butanedione
comparison, which is not available experimentally.
Method of Calculations
The reaction path calculations are performed at HF/3-21G and HF/6-31G(d, p) levels for the reaction starting from pentane-2,4-dione to DL1, from 1-phenyl-1,3-butanedione to DL2, and from 1-phenyl-1,3-butanedione to 2,6-dibenzoyl-1,4-dihydro-3,5-dimethylpyridine. We did not calculate the reaction path from 1,3-diphenyl-1,3-propanedione to DL3 in the present work.
The reaction path calculations from pentane-2,4-dione are also examined at MP2/6-31G(d,p) level. The vibrational frequency calculations are performed to confirm the equilibrium and transition state structures, and to calculate the zero point energy correction to the total energy (ZPC). All the calculations are carried out using Gaussian09 program package [9] .
3. Results and Discussion Figure 2 shows a possible reaction path from acetyl acetone to lutidine derivative.
The acetyl acetone 1 gets proton and forms 2. 2 then reacts with ammonia and forms 3. Along with the reaction path of Fig. 2 , we performed ab initio molecular orbital calculations. At the present time, the full reaction path is only obtained at the HF/3-21G level starting from pentane-2,4-dione whose energy diagram after the zero point energies correction (ZPC) is shown in Fig.3 . Figure 4 shows the schematic views of the optimized and the transition state structures corresponding to Fig. 3 . Note that the energies are approximate because the Hartree-Fock energies are not size-consistent.
In the present model reaction system, a proton is added or eliminated by itself.
However, the Broensted acids which give a proton to acetyl acetone should exist. As an example, we considered a direct reaction path from 1 to 3 by addition of NH4 + and the path from 3 to 5 by elimination of H3O + . We could easily obtain the transition state of addition of NH4 + , however, we could not obtain the transition state of elimination of H3O + . All that we could obtain is a transition state of the proton transfer from H3O + to 5. The HF/3-21G energy of 5 + H3O + is -397.984768 a.u. while that of 5-H + (a proton is added at the O atom of 5) and H2O is -398.036026 a.u., which would be a reason why we could not find the TS between 3 and 5.
The energies of addition and elimination of a proton are always problematic in this type calculation because the formation of a proton is not considered. The addition of a proton always gives huge stabilization energy, while the elimination of a proton gives huge destabilization energy. We consider the effects of a proton not to be serious throughout this study. The largest barrier height is 49.3 kcal/mol and corresponds to the reaction from 4 to 5 that is an elimination of an H2O molecule. The second largest barrier height is 42.1 kcal/mol and corresponds to the reaction from 7 to 8 that is an elimination of a H2O molecule. The third largest barrier height is 38.4 kcal/mol and corresponds to the reaction from 5 to 6 that is an addition of a formaldehyde molecule. After all, the rate determining step is a formation of FLUORAL-P molecule. This agrees with the fact that the FLUORAL-P, KD-XA01, and KD-XA-02, is able to use an alternative starting material instead of the acetyl acetone molecule avoiding the heating [11] .
All these barrier heights mentioned above are very high but these results agreed with the fact that the whole reaction does not proceed in the gas-phase but in the aqueous solution or in the porous glass, i.e., the environment is very important with the reaction. Note that the barrier heights of an elimination of a water molecule would be reduced by a solvent (water molecules or something revealed the environment of porous glass) catalyzed reaction and would be interesting to in the next step of the present study.
Conclusion
We have studied the reaction path of the formation of 
